Idiopathic dilated cardiomyopathy (IDCM) mainly affects left-ventricle systolic function. Although its incidence is not as high as that of other specific forms of dilated cardiopathy, such as ischemic, toxic (alcoholic), metabolic or hypertensive [1] , it represents one of the most frequent indications for heart transplantation [2] .
Methods

Study Samples
Six hearts explanted from patients who underwent heart transplantations because of end-stage IDCM were studied. IDCM was defined as ventricular enlargement, normal wall thickness and systolic dysfunction with a left-ventricle ejection fraction ! 30% in the absence of coronary artery disease as assessed by coronary arteriography [10] .
The control group consisted of 6 beating hearts with no evidence of structural heart disease, excluded from heart transplantation because of excessive intake of inotropic drugs and an ischemia time ! 4 h, but who were suitable for providing valves for homograft transplantation.
The investigation conforms to the principles outlined in the Declaration of Helsinki. Demographic and main clinical data of patients are summarized in table 1 .
Tissue Preparation
The right-ventricle free wall and atria were removed from all hearts and the weight of the left ventricle, including the interventricular septum, was recorded. The left ventricle was fixed by immersion in 10% buffered formaldehyde. The time elapsed between removal of the hearts and fixation was 1-6 h for the IDCM hearts and 12-24 h for control hearts kept at 4 ° C during that time.
After 7-14 days of fixation, the left ventricle was sectioned transversally at a plane equidistant from the base and the apex, and a 5-mm-thick tissue block of the lateral wall extending from the endocardium to the epicardium was embedded in paraffin.
Three-micrometer-thick tissue sections were stained with orcein for identification of the internal elastic lamina of arteries measuring 50-300 m in diameter. For identification of smaller vessels, tissue sections were incubated with specific monoclonal antibodies against smooth muscle actin for small arterioles and CD34 antigen for capillary endothelium.
After incubation with the monoclonal antibodies (Biogenex, San Ramon, Calif., USA), the sections were posttreated with biotin-labeled anti-mouse immunoglobulin antibody and revealed with peroxidase-conjugated streptavidin using AEC (3-amino-9-ethyl carbazole) as chromogen (Biogenex).
Microvascular Morphometry
All arteries measuring 50-200 m in diameter (vessels with a patent internal elastic lamina; fig. 1 a) present in the whole tissue section in an area of 195-334 mm 2 were captured under 100 ! magnification. Every artery ! 50 m in diameter (vessels with a smooth muscle ␣ -actin positive outline) was similarly captured under 250 ! magnification in 20 randomly selected areas throughout the endocardium, mesocardium and epicardium, representing 3 mm 2 in total area. In all arteries, independent of their sectioning plane, the long and short axis diameters were measured with a digital analysis system (Image Pro Plus 4.5, Media Cybernetics, LP, Silver Spring, Md., USA). The measurements were done from the limit between the vessel and the surrounding stroma. Numerical density was expressed as the number of vessels by unit area.
Arteriolar length density, average length of arterioles per unit myocyte volume, in millimeters per cubic millimeter was calculated on the basis of the following formula developed for the analysis of arterioles arranged in any orientation [11] : ( ͚ a/b)/N ؒ N/A, where a = long axis; b = short axis of individual arterioles; N = total number of vessels in total area (A) in which arterioles were measured.
For capillaries (vessels ! 6 m in diameter with no middle layer) only the numerical density was recorded ( fig. 1 b) .
All data were referenced to myocyte area rather than to tissue area. This eliminated any errors due to shrinkage or separation artifacts and related arterioles to viable, at-risk myocytes.
Statistical Analysis
Continuous variables are presented as means 8 standard deviations; categorical variables are presented as percentages of all patients. The Kolmogorov-Smirnov test was used to examine the distribution of the continuous variables. The continuous variables with a Gaussian distribution (age and heart weight) were analyzed by Student's t test.
The continuous variables with a non-Gaussian distribution (length density and numerical density) were analyzed by the Mann-Whitney test. Fisher's exact test was used to compare categorical variables. The pathological and clinical data were analyzed using the SPSS 11.0 software (SPSS Inc., Chicago, Ill., USA). The smooth muscle cells of the small vessels are intensely stained with an antismooth muscle actin antibody. At low magnification, the difference in arteriole number between the IDCM heart ( c ) and the control heart ( d ) is readily visible. e Small arteries of an IDCM heart with areas of naked endothelium at higher magnification. In comparison, the vessels of a control heart ( f ) show a well-developed muscular layer. a Scale bar = 100 m. 
Results
There were no statistical differences between the IDCM and control groups with regard to age (27.5 8 14.1 vs. 27.8 8 12.0 years, respectively) and sex (4/6 vs. 3/6 males, respectively). The average weight of the 6 IDCM hearts analyzed was 445.0 8 164.0 g, and that of the 6 controls was 263.3 8 54.5 g (p = 0.042).
The length density of all arteries measuring 6-200 m in diameter was significantly lower in the IDCM hearts compared to control hearts (p = 0.004). Figure 1 c shows a representative image of the decreased number of small vessels in IDCM as compared with a normal heart ( fig. 1 d) . As can be seen in figure 2 , this was due almost exclusively to a decrease in length density of the arteries On the contrary, the length density of larger arterioles (51-200 m in diameter) was similar in both groups.
As opposed to the findings on small arteries, no differences were found in capillary numerical density between IDCM and control hearts ( fig. 2 ) .
Figure 1 c-f shows images of arteries measuring 6-50 m in diameter stained with an anti-smooth-muscle actin antibody. As can be seen in figure 1 e, many vessels of that size exhibited an incomplete middle layer as compared with vessels of similar size of normal hearts ( fig. 1 f) . Although this alteration of the vessel wall was present in all the IDCM hearts, there were individual variations. The proportion of arterioles measuring ! 50 m in diameter with an incomplete muscle layer ranged between 52 and 83%. In the control normal hearts, arterioles of similar size and with an incomplete smooth muscle layer represented less than 10% of all vessels. The length density of vessels between 6 and 20 m is significantly lower in IDCM hearts. There were no statistically significant differences between the length density of larger arterioles and capillary number between IDCM and normal hearts.
Discussion
The main findings of our study are that in hearts explanted from patients with IDCM, who underwent a heart transplantation, the smallest-resistance arterioles show a significant decrease in length density associated with frank alterations of the smooth muscle wall.
The results of the morphometric study are remarkably similar to observations made almost 20 years ago in rats with left-ventricular failure after long-standing experimentally induced renal hypertension [12] , showing that the length densities of resistance vessels from 6 to 40 m in luminal diameter were markedly decreased. In addition, as in our study, the capillary numerical density was not altered, indicating a significant amount of capillary proliferation.
As opposed to our findings, a marked decrease in the number of capillaries in IDCM was reported [13] . This discrepancy could be ascribed to the techniques employed for measuring vessels (morphology of thin sections of epoxy resin-embedded samples vs. immunohistochemical demonstration of endothelial cell markers in paraffin-embedded tissue) and to the different size and location of the heart areas employed for the studies.
More than 15 years ago, it was reported that in IDCM explanted hearts, the myocardial blood flow was markedly depressed [14] . As structural microvessel abnormalities had never been documented in IDCM, it was proposed that the alterations in myocardial blood flow may be due to endothelial dysfunction which, by limiting the coronary vasodilator response to stress, is potentially able to cause an imbalance between myocardial oxygen demand and blood flow. These microcirculatory abnormalities are independent of atherosclerotic lesions of the large epicardial arteries or of abnormalities of the myocytic and interstitial components of myocardial tissue. Altered microvessels are able to limit myocardial perfusion and potentially cause myocardial ischemia [15] .
Moreover, it has been reported that the extent of coronary microcirculatory dysfunction in patients with earlystage IDCM is an independent predictor of a poor prognosis [16, 17] .
We found structural and morphometric alterations in small arteries. More than 50% of arterioles ! 50 m in diameter displayed an incomplete middle layer with disappearance of smooth muscle cells, a phenomenon that was not present in normal control hearts, and the length density of vessels measuring between 6 and 20 m in diameter was almost half of that in controls. The length density of larger arterioles was similar to that of normal hearts, however, indicating that vessels of that size may be able to remodel. This, in turn, suggests that in IDCM, resistance arterioles respond differently to remodeling stimuli: larger intramyocardial arteries would increase their length, but this would not be the case for smaller arteries, which apparently are unable to adapt to organ hypertrophy.
However, the decreased numerical and length densities of precapillary arterioles could also be ascribed to a complete loss of smooth muscle cells in the vessel wall, a phenomenon that would prevent identification of those vessels for morphometric measurements. This smooth muscle loss, represented as incompleteness of the middle layer, could be related to the diminished coronary reserve in IDCM patients since a lack of these cells transforms vessels into rigid tubes, unable to respond to vasodilator stimuli.
In agreement with our results, a significant decrease in the number of vessels ! 200 m in diameter in the epicardium, but not in the endocardium, was recently reported in IDCM hearts [18] . However, in that study, no differences were determined between capillary and arterioles and differences according to vessel size were not assessed.
There are scarce published studies on the length density of the arteriolar beds in pathological human hearts; based on the available information it cannot be established whether the arteriolar alterations are only found in IDCM. However, a recent study reported a significant decrease in the length density of arterioles measuring 6-15 m in diameter in cyanotic congenital heart disease as compared with normal and hypertrophied hearts [19] ; this observation suggests that coronary microvascular alterations may be present in other pathologies and participate in the pathogenic mechanisms involved in the evolution of ventricular dysfunction towards heart failure.
As it has been reported that in hearts of patients with dilated cardiomyopathy there is a selective downregulation of VEGF and VEGFr [13] and that transfection of chronically ischemic pig hearts with the human VEGF165 gene induces arteriolar hyperplasia [20] , the possibility that the coronary microcirculation may be a new therapeutic target in heart failure should be considered. This is supported by experimental studies showing that disruption of coordinated tissue growth and angiogenesis contributes to the progression from adaptive hypertrophy to heart failure [21] .
Study Limitations
The main limitation of the present study is the small number of patients. This prevented us from studying any relationship between the duration of symptoms and the morphometric findings. Nevertheless, all patients had severe heart failure, ejection fraction ! 20% and left-ventricular dilatation. The possibility that the longer time elapsed before fixation of control hearts versus pathological hearts could have influenced the results seems unlikely since control hearts were kept at 4 ° C during that time.
Conclusion
In IDCM, arterioles ! 20 m in diameter show a significant decrease in length density; vessels ! 50 m in diameter present clearcut alterations in the smooth muscle wall. Coronary microcirculation remodeling may contribute to decreased flow reserve.
